Human brain maturation is a complex, lifelong process that can now be examined in detail using neuroimaging techniques. Ongoing projects scan subjects longitudinally with structural magnetic resonance imaging (MRI), enabling the time-course and anatomical sequence of development to be reconstructed. Here, we review recent progress on imaging studies of development. We focus on cortical and subcortical changes observed in healthy children, and contrast them with abnormal developmental changes in early-onset schizophrenia, fetal alcohol syndrome, attention-deficit-hyperactivity disorder (ADHD) and Williams syndrome. We relate these structural changes to the cellular processes that underlie them, and to cognitive and behavioral changes occurring throughout childhood and adolescence.
Introduction
The dynamic course of brain maturation is one of the most fascinating aspects of the human condition. Although brain change and adaptation are part of a lifelong process, the earliest phases of maturation -during fetal development and childhood -are perhaps the most dramatic and important. Indeed, much of the potential and many of the vulnerabilities of the brain might, in part, depend on the first two decades of life.
The cortex and subcortical gray-matter nuclei develop during fetal life in a carefully orchestrated sequence of cell proliferation, migration and maturation. This leads to a human brain with w100 billion neurons at birth. However, the brain of a newborn child is only one-quarter to one-third of its adult volume, and it continues to grow and specialize according to a precise genetic program, with modifications driven by environmental influences, both positive and negative. With stimulation and experience, the dendritic branching of neurons greatly increases, as do the numbers of synaptic connections. As layers of insulating lipids are laid down on axons through the process of myelination, the conduction speed of fibers that interconnect different brain regions increases w100-fold. This exuberant increase in brain connections is followed by an enigmatic process of dendritic 'pruning' and synapse elimination, which leads to a more efficient set of connections that are continuously remodeled throughout life.
Synaptic changes and myelination
When Huttenlocher began to demonstrate this succession of events in the human brain, magnetic resonance imaging (MRI) was still in its infancy. His histological work in the 1980s paved the way in showing that the time-course for synaptic blooming and pruning in the human brain varies enormously by brain region. For example, in the visual cortex, synaptic overproduction reaches a maximum at about the fourth postnatal month. Then synapse elimination starts, and this continues until preschool age, by which time synaptic density has reached the adult level. But in the medial prefrontal cortex, an area of the brain involved in executive, attentional and regulatory functions, the peak occurs at 3-4 years of age, and substantial decline does not occur until mid-to-late adolescence [1] .
Early work by Yakovlev and Lecours documented the progression of myelination in the developing human brain [2] . More recent work by Benes et al. with much larger samples showed similar results, with myelination continuing well into the third decade of life [3] . Interestingly, the spatial and temporal pattern of these cellular changes seemed to parallel developmental changes in synaptic density. Simply put, myelination of the most dorsal regions of the brain responsible for higher cognitive functions seemed to continue well into adolescence, and more ventral and deep brain structures -some of which are responsible for relatively more primitive functionswere myelinated earlier.
However, the sequence of myelination might be more complex than this. A problem with many interpretations of the work by Yakovlev and Lecours [2] , and of similar studies of myelogenesis, is that dorsal and ventral systems do not ultimately myelinate to the same degree: on average, dorsal cortex, at its most mature, is less myelinated than ventral cortex. Therefore, if myelination took the same time-course, then at any given time areas that myelinate more fully would appear more myelinated than those that myelinate less. Therefore, when the degree of myelination is observed on histologically stained sections or in MRI scans of the brain, one must also consider the ultimate extent of myelination for each system. Recent research studying patterning molecules, and rates of proliferation and neuronal migration, show a much more complex pattern of cortical maturation, occurring primarily from a rostral-lateral-ventral pole toward a dorsal-medial-caudal pole (reviewed in [4] ).
This histological evidence suggested that brain development is a dynamic process of progressive and regressive changes. But histology gave only very fragmented evidence for late brain maturation, given the dearth of post-mortem data from childhood and adolescent years. By contrast, MRI can non-invasively document these large-scale processes of brain development, can
